Stability of 19-filaments MgB 2 /Ti/Cu/SS wires carrying the transport currents has been examined. Properties of two identical wires annealed at 600 o C/2.5 h and 800 o C/0.5 h were compared. It was found that annealing conditions influence not only the current carrying capacity of MgB 2 filaments but also affect the inter-diffusion at Ti/Cu and Cu/SS interfaces, which is worsening the electrical and thermal conductivities of composite elements. Consequently, differences in wire's resistances and I-V quenches were measured, which are correlating well with experimentally estimated minimum quench energy and normal zone propagation velocity.
Introduction
The occurrence of a normal conducting zone and the following heating effect can cause a permanent damage of any superconducting magnet. It depends on the conductor's thermal properties and on operating conditions (current, magnetic field and temperature) [1] . Thermal stability is related to the maximum current that a superconducting filament can carry. Usually, the minimum quench energy (MQE) and the normal zone propagation velocity (vp) are analysed experimentally, or predicted with the aid of analytical formulae [1] [2] . MQE is the amount of heat which is needed to trigger the avalanche effect and vp says how fast a normal conducting zone grows along the conductor [3] . Thermal avalanches of this type can be *Manuscript Click here to view linked References stopped by stabilising the conductor, either by offering low-resistance paths around the hotspot or by making the filaments thinner and cooling more efficient. Therefore, practical and stable MgB2 wire needs to be fine-filamentary structured and also thermally stabilized by high conductive metallic element. Oxygen free high conductive copper (OFHC) is a widely used material for stabilized technical superconductors and it was already applied for MgB2 wires [4] [5] . Stabilizing copper reacts strongly with magnesium at high temperatures and therefore has to be carefully protected by diffusion barrier (e.g. Nb or Ti). Inter-diffusion was observed at Ti/Cu and NbTi/Cu interface of MgB 2 wires [6] [7] [8] . The strongest interface and temperature dependent interaction have been observed between the copper stabilizer and titanium barrier.
Latif have shown five possible inter-metallic layers (Ti 2 Cu, TiCu, Ti 3 Cu 4 , Ti 2 Cu 3 and TiCu 4 ) created between Ti and Cu during annealing [7] . Contamination of stabilizing Cu is worsening the electrical and thermal conductivity, which is worsening the thermal stabilization. Therefore, detailed studies of stability throughout the temperature-field domain have to be done for MgB 2 conductors containing different metallic barriers and copper. 
Experimental
A 19-filaments wire consisting of 50% SS-reinforcement, 19.5% Cu-stabilization, 19% Tibarrier and 8.5% MgB 2 -superconductor has been made by in-situ approach [9] done with the aim to analyze the thermal stability of both wires. The constant transport current ramping rate αup = 0.33 As -1 and αdown = -0.33 As-1 was applied [10] . The quench development of MgB2 conductors has been analysed experimentally. Energy pulses were deposited to the conductor by passing rectangular current pulses through a graphite-basedepoxy heater. The length of the heater is 2 mm and its resistance about 100 . In order to calculate the MQE with precision, the voltage across the heater and the current passing through the heater are measured in each experiment. The electric field profiles around the point heat disturbance that gives rise to a quench, as well as their time evolution, were measured from multiple voltage taps along the conductor using a Data Acquisition (DAQ)
device. The measurements have been done at self-field and in vacuum (adiabatic conditions) using a cryocooler. The sample was thermally anchored to the 2 nd stage of the cold head of the cryocooler. The temperature of the sample can be varied from 11 K to > 40 K using a
Lakeshore 331 temperature controller with a stable thermal environment suitable for quench measurement at transport current up to 140 A [11] . The heat pulse for the onset of irreversible growth of the normal zone was used to define the minimum quench energy (MQE). The propagation velocity (vp) was obtained directly from the growth rate of the normal zone. interaction occurs between the copper stabilizer and titanium barrier, which is strongly temperature dependent [7, 12] . EDX element distribution confirms smaller reaction at Ti/Cu interface when annealing temperatures was decreased from 800 to 600 •C [12] . While the optical microscopy does not reveal any interaction between SS and copper (see Fig. 1 ), the temperature-dependent layer SS−Cu has been found by EDX [12] . All mentioned interdiffusions are worsening the electrical conductivity of composite elements and consequently increase the wire's resistance, see [13] . It was already shown that T c is systematically increasing with heat treatment temperature [14] [15] . sharing inside or among the non-uniform filaments. In our case, lower n-exponent for wire annealed at 600 o C can be understood by worse intrinsic filaments quality (see Fig. 2b ). On the other side, lower contact resistance between the components in a composite (Fig. 2a) should reduce the effect current sharing inside or among the non-uniform filaments.
Results and discussion

Wire's resistance
Critical current densities
The temperature dependence of the critical current density, J c (T), of both wires at selffield is shown in Figure 3b . (Fig. 3b) and low temperature measurement in applied field (Fig. 3a) is not fully understood. Possible reasons for explanation are: (i) higher current densities at temperatures 20-26 K and self-field can make the effect of current sharing on n-value more dominant that intrinsic filaments property, (ii) pulse and direct transport current were used for high temperature (with cryocooler) and low temperature (at liquid He) measurements, respectively. Different current mode and cooling conditions can influence the estimated n-values. Moreover, the resistance per unit length of both wires at T T c is very different: 0.19 m/cm for 600 ºC and 1.6 m/cm for 800 ºC wire, which correlates well with the results presented by Fig. 2 (0.21 and 1 .63 m/cm). Figure 4c presents PQ(B) dependences which proves that the wire heat treated at 600 ºC is quenching at higher powers and is able to carry higher transport currents in stable regime. It can be attributed to its better stabilization due to less contaminated copper stabilization.
I-V curves
Normal zone propagation
For the normal zone propagation measurements, the length of the wire was 11 cm (9 cm between the current contacts and 1 cm for the contacts). In the experiments, the energy was deposited to the wire (carrying a current, I < I c ) by passing a rectangular current pulse of duration t p ~ 50 ms) to a heater made of a graphite based paste (ECCOBOND 60L), which is placed in the middle of the wire. A typical measurement of the voltages obtained between adjacent voltage taps during a quench is plotted in Fig. 5 , which corresponds to sample annealed at 600 ºC. The change of dV/dt at V 23 , V 34 , V 45 = 5.6 mV reflects the change between the superconducting to the normal state. Figure 6a shows the MQE and as function of the reduced current, I/I c , obtained for both wires at different temperatures. Sample annealed at 600 ºC has higher MQE values than the wire annealed at 800 ºC. Therefore, for the point of view of the stability, the sample annealed at low temperature has better properties. The higher MQE values of sample annealed at 600 ºC are probably due to the lower resistivity of the sheath, compared with the wire annealed at 800 ºC, as mentioned previously. The MQE values depend on the resistivity of the metal matrix [16] , so that by decreasing the resistivity of the wire increases the MQE values.
For example, for MgB 2 Cu-stabilized wires with a resistivity at T c equal to: 1.6 m/cm (for 800 ºC wire), 0.19 m/cm (for 600 ºC wire) and 0.022 m/cm (for wire analysed in [16] . MQE values for wires HT at 600 ºC/2.5h and for 800 ºC/0.5h measured between 22
